The amyloid-(A ) aggregation pathway is a key target in efforts to discover therapeutics that prevent or delay the onset of Alzheimer's disease. Efforts at rational drug design, however, are hampered by uncertainties about the precise nature of the toxic aggregate. In contrast, high-throughput screening of compound libraries does not require a detailed understanding of the structure of the toxic species, and can provide an unbiased method for the discovery of small molecules that may lead to effective therapeutics. Here, we show that small molecule microarrays (SMMs) represent a particularly promising tool for identifying compounds that bind the A peptide. Microarray slides with thousands of compounds immobilized on their surface were screened for binding to fluorescently labeled A . Seventy-nine compounds were identified by the SMM screen, and then assayed for their ability to inhibit the A -induced killing of PC12 cells. Further experiments focused on exploring the mechanism of rescue for one of these compounds: Electron microscopy and Congo red binding showed that the compound enhances fibril formation, and suggest that it may rescue cells by accelerating A aggregation past an early toxic oligomer. These findings demonstrate that the SMM screen for binding to A is effective at identifying compounds that reduce A toxicity, and can reveal potential therapeutic leads without the biases inherent in methods that focus on inhibitors of aggregation.
Introduction
Considerable genetic and biochemical evidence indicates that aggregation of the amyloid-peptide (A ) plays a causative role in the neurodegeneration, memory loss, and dementia associated with Alzheimer's disease (AD). [1] [2] [3] [4] [5] Although the precise structure of the toxic aggregate is still under investigation, the major features of the "amyloid cascade" pathway are understood: Proteolytic processing of the amyloid precursor protein (APP) results in the extracellular release of the 4 kDa A peptide. Differential cleavage by secretase enzymes leads to the formation of A variants ranging in size from 39 to 43 amino acids, with the 40-residue A 40 and 42-residue A 42 peptides being the most prevalent. [6] [7] [8] Compared to A 40, A 42 is more prone to aggregation, 9 more neurotoxic, 10 and more closely correlated with symptomatic disease.
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A 42 is also the predominant component of the extracellular plaque that has long been viewed as the pathological hallmark of AD. 12, 13 While this insoluble plaque provides posthumous evidence of the disease, numerous findings over the past decade implicate earlier soluble intermediates as the neurotoxic agents. A -derived diffusible ligands (ADDLs) have been observed to induce neuronal death in cell culture, 14 and soluble A oligomeric species are more closely associated with cognitive decline in AD patients and synapse loss in transgenic mice than fibril or plaque load. [15] [16] [17] Most recently, a murine model in which ADDLs were endogenously expressed with sequence mutations † Princeton University. that prevented subsequent plaque formation showed that cognitive deficits depend on soluble A oligomers rather than endstage aggregates. 18 With the prevalence of Alzheimer's disease projected to rise dramatically in the coming decades, 19 there is increasing urgency to develop novel therapeutics to prevent and/or treat this debilitating disease. The pharmaceuticals currently used to treat AD include cholinesterase inhibitors and memantine, a modulator of glutamate receptors. 20, 21 These drugs provide symptomatic relief and may slow cognitive decline; however, they do not target the underlying molecular cause of AD. Therefore, currently approved drugs neither halt nor reverse progression of the disease. In contrast to these existing drugs, novel compounds that interfere with A aggregation, and thereby block the molecular events that cause AD, represent a promising approach to the prevention and/or cure of Alzheimer's disease.
In principle, compounds that interfere with A aggregation could be discovered by either of two approaches: structure-based rational drug design or high-throughput screening. Since a range of intermediates along the A aggregation pathway have been implicated as potential toxic species, [22] [23] [24] [25] and none of their precise structures are known, structure-based drug design is not yet possible. For the time being, high-throughput screening remains a more promising approach.
A number of high-throughput methods have been developed to screen for compounds that interfere with A aggregation. Most screens use synthetic A peptide and monitor aggregation by following the fluorescence of thioflavin-T or another dye that binds to fibrillar aggregates. [26] [27] [28] Although relatively convenient to perform, these screens have limitations. First, they are hampered by the need for substantial quantities of synthetic peptide, which is expensive and difficult to produce in a form that is free of preaggregated seeds. A second and more significant drawback of dye-binding assays is their reliance on a reporter that detects amyloid fibrils or protofibrils, rather than the early intermediates that are now thought to be the neurotoxic agent. The limitations of assays that screen for inhibitors of fibrillization are highlighted by recent reports that accelerating fibril formation may, in fact, be advantageous as a way to decrease the presence of toxic soluble A oligomers. 29, 30 As an alternative to traditional assays using synthetic A peptide, our lab previously reported the development of a highthroughput screen using an A 42-GFP fusion protein expressed in Escherichia coli. 31, 32 In that system, aggregation of the A 42 sequence drags the entire fusion protein into misfolded insoluble aggregates, thereby preventing the folding and fluorescence of GFP. Compounds that inhibit the aggregation of A 42 enable the GFP part of the fusion to fold into its native structure, and thereby give rise to green fluorescent colonies (or liquid cultures) of E. coli. The A 42-GFP screen overcame two of the limitations of the dye binding assays: (i) synthetic A peptide was not required, and (ii) the assay reported A misfolding and aggregation without requiring the formation of amyloid fibrils.
Application of the GFP-based screen enabled the identification of several aggregation inhibitors from a library of triazine derivatives, 32 and from other libraries screened subsequently. Some of these compounds look promising and are being evaluated in a Drosophila model of AD. Nonetheless, the GFPbased screen also has several limitations. (i) Because the A 42-GFP fusion protein was expressed in E. coli, compounds that fail to cross the cell wall and membrane of E. coli, or which were toxic to E. coli, may have been missed. (ii) Because the folding and fluorescence of the GFP reporter is based on the solubility of the upstream sequence, 33 the screen may not distinguish between compounds that block all aggregation (by favoring monomeric A ) and those that block fibrillization by favoring the toxic soluble oligomers. Thus, compounds that allow the A 42-GFP fusion protein to fold and fluoresce by enhancing the stability of soluble oligomers would be mistakenly identified as inhibitors of aggregation (hits) rather than as enhancers of the toxic species. (iii) Most importantly, because the A 42-GFP screen was designed to identify compounds that inhibit aggregation, it would miss potential therapeutics that remove toxic oligomers by enhancing their aggregation into insoluble fibrils.
These considerations motivated us to develop a novel method to screen compounds based solely on their ability to bind to monomeric A . Ultimately, whether a small molecule reduces the toxicity of A by inhibiting aggregation, accelerating it past the toxic species, or redirecting it to an alternate pathway, the compound must first bind the A peptide.
High-throughput identification of compounds that bind to specific proteins has been accomplished previously through the use of small molecule microarrays (SMMs). SMMs are glass slides on which libraries of small molecules are covalently immobilized in an array of microscopic spots. 34 Compounds can be attached to the surface by any of several mild coupling reactions. For the current study, SMMs were prepared by installing an isocyanate on the surface of the slides and then attaching the small molecules to this group. [35] [36] [37] Because isocyanate reacts with amines (primary and secondary), thiols, alcohols (primary and secondary), and several other groups, a compound possessing several different functional groups can attach to the surface in a range of orientations with various functional groups available to interact with the probe. To ensure that the small molecules are presented at a distance from the surface sufficient to enable interactions with a soluble probe (A peptide in the current study), the isocyanate is separated from the surface by a polyethylene glycol spacer.
A single SMM slide typically displays 10800 compounds, allowing for rapid and efficient screening of diverse libraries of small molecules. SMM slides are probed with a fluorophoreor epitope-tagged protein (in this case, fluorescently labeled A peptide), and compounds that bind the protein are detected by automated fluorescence read-out (a schematic is shown in Figure  2a ). [35] [36] [37] SMMs have been used successfully to identify a wide range of protein-ligand interactions, including calmodulin and human immunoglobin G ligands, 38, 39 transcriptional regulators, 40, 41 and inhibitors of histone deacetylases. 42 The SMM technology has several features that make it ideal as a high-throughput screen for compounds that bind A . First, it does not require knowledge of the protein structure or binding pocket. This unbiased approach is crucial since the structure of the toxic A aggregate is not known, and a traditional active site pocket is not likely to exist. Second, the high sensitivity of the SMM assay allows the A peptide to be used at very low concentrations. This is important because A aggregation occurs via a nucleation-dependent mechanism, 43 and keeping the peptide below the critical concentration favors the monomeric form, thereby facilitating the identification of compounds that interact with A at or before the earliest steps of aggregation. An added benefit is that low concentrations of peptide make the assay relatively inexpensive.
Here we describe the development of SMM technology to screen libraries of small molecules for compounds that bind the Alzheimer's A peptide. As an initial step toward SMM assay development, we identified conditions that favor the monomeric state of A . Next, two SMM slide sets, one with natural products and synthetic commercial compounds (NPC) and the other with diversity-oriented synthesis compounds (DIV), were screened with fluorescently labeled A 40. Compounds in printed features that bound the peptide were identified as hits, as described previously. 37, 44 These compounds were subsequently assayed for their ability to rescue PC12 cells from A 42-induced toxicity. Further examination of a commercially available compound revealed dose-dependent rescue of PC12 cells. Finally, we demonstrated that this compound actually promotes, rather than inhibits, fibrillogenesis. These results validate the ability of the SMM screen to reveal compounds that interact with the A peptide, and may provide leads for therapeutics that prevent or cure Alzheimer's disease.
Results and Discussion
Development of an SMM Assay for Binding to A . Identifying compounds that interact with A at or before the earliest stages of aggregation required that we develop conditions for the SMM assay wherein the peptide would occur predominantly in its monomeric form. A , particularly A 42, is known to aggregate quickly, and aggregation is considerably faster when the sample is agitated, [45] [46] [47] as required for the SMM assays. We assessed the aggregation of A 40 and A 42 with N-terminal fluorescent tags under conditions typically used for SMM screening, which include 30 min of gentle agitation (by orbital mixing) at room temperature. Monomeric and oligomeric states were estimated using Tris-Tricine SDS-PAGE. Such gels are used routinely to assess the oligomeric state of A , 48, 49 and previous reports indicate that both cell-derived oligomers and those formed in Vitro resist denaturation by SDS, particularly when gel analysis is performed at room temperature. [50] [51] [52] Nonetheless, the possibility that SDS alters the distribution of oligomeric states cannot be ruled out. With this caveat in mind, we probed the oligomeric states of our samples using the standard Tris-Tricine SDS-PAGE assay.
As shown in Figure 1a , fluorescently labeled A 42 formed more oligomers and larger oligomers than A 40. Distinct monomer (4 kDa), dimer (8 kDa), trimer (12 kDa), and tetramer (16 kDa) bands are apparent for A 42 at 9.35 µM, with the trimer being the most intense oligomeric band, consistent with previous reports. 48 Trimer and tetramer bands were also very faintly apparent for A 42 at 935 nM. In contrast to A 42, A 40 produced only monomer and dimer bands at 9.35 µM, and at concentrations below 1 µM, A 40 yielded only monomers.
Because of its reduced propensity to aggregate, we opted to use A 40 for our SMM screens. Because A 40 lacks only two residues at its C-terminus and has the same core residues as A 42, we assumed that most compounds capable of binding A 40 would also bind A 42. To assess whether fluorescently labeled A 40 would remain monomeric under the conditions Figure 1b , at micromolar concentrations, A 40 forms monomers and dimers, but at concentrations 1.17 µM or lower, only monomeric bands are seen. This is consistent with previous reports that the critical concentration of amyloid aggregation occurs in the micromolar or high nanomolar range.
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These results suggest that fluorescently tagged A 40 is largely monomeric in solution at the concentration (185 nM) and incubation conditions used for SMM screening. Therefore, initial encounters between the immobilized small molecule and the peptide are likely to occur with the latter in its monomeric form. After the first peptide binds an immobilized small molecule and becomes attached to the surface, further copies may be recruited to aggregate onto this immobilized complex.
The SMM Screen Identifies Compounds That Bind A . The SMM assay was used to screen two collections of compounds. The first collection contained natural product and commercial synthetic compounds (NPC), while the second contained a library of compounds from a diversity-oriented synthesis (DIV). A total of 17905 compounds were screened, and all assays were performed in triplicate. Compounds that bound fluorescently labeled A 40 yielded spots exhibiting fluorescence at 632 nm (false-colored red). Rhodamine features exhibiting fluorescence at 532 nm (false-colored green) were used for grid alignment. Fluorescence read-out results for the NPC slide screened with the A 40 probe are shown in Figure 2b . Zooming in on a section of the slide shows the rhodamine grid alignment spots, nonfluorescing DMSO control spots, and the distinct, uniform red fluorescence of a representative compound that bound A . Figure 2c shows that this compound, hereafter referred to as 2002-H20, bound A 40 in all three replicates.
Primary SMM assay positives were annotated using fluorescence signal as described previously by Seiler et al. 44 The fluorescence intensity values from each replica slide were background subtracted and converted to a Z-score, or standard score representing the number of standard deviations that an observationshere, the fluorescence of a grid spotsis above or below the mean value. 36 ,37,44 Z-scores from the three replicas performed for each slide set were combined to produce a composite Z-score for each compound. These values, and the composite Z-scores for DMSO control spots, were plotted in a histogram (Figure 2d ) with the results divided into 254 bins. The resulting shape of the compound histogram, shown in blue, is normal with a center around zero and a small shoulder on the right side. The DMSO control histogram (red) also exhibits a normal distribution centered on zero. Compounds binding A with a composite Z-score of 3.4 or greater were identified as "hits" and selected for follow-up testing. From the 17905 compounds assayed from the DIV and NPC libraries, 79 compounds with a composite Z-score above the threshold value were chosen for additional studies.
Inhibition of A 42-Induced Cytotoxicity. The 79 hits identified in the SMM screens were assayed for their ability to inhibit A 42-induced killing of PC12 cells. We chose inhibition of cytotoxicitysrather than biophysical studies of A aggregationsas our initial follow-up assay because it makes no assumptions about the precise mechanism of A toxicity, and thus allows a less biased search for compounds that may ultimately lead to therapeutics. Because A 42 is known to be a more important contributor to AD-associated neurotoxicity than A 40, we used the longer peptide to assay for inhibition of A -induced cell death. These assays were performed using pure peptide, not linked to the fluorescent probe used in the SMM screen. Therefore, any compounds that were isolated in the SMM screen because of binding to the fluorophore tag would be weeded out at this stage.
PC12 cells were incubated with A 42 and the SMM assay positive compounds, and cell viability was assessed using the MTT assay, which is based on the reduction of the yellow tetrazolium salt MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) to purple formazan crystals in metabolically active cells. Briefly, PC12 cells were grown to confluence and incubated for 24 h in the presence of 20 µM A 42 and 100 µM of the hit compounds solubilized in DMSO. MTT was added, and after incubation and solubilization, the difference between absorbance at the formazan wavelength (570 nm) and the MTT absorbance (670 nm) was taken as a measure of relative cell viability. At concentrations of 100 µM, 44 of the 79 SMM hit compounds were found to reduce the toxicity of A 42 in PC12 cells, with 15 of these compounds increasing cell viability by >30%. These results for the top 15 rescuers are shown in Figure 3 (toxicity rescue data for all 79 hit compounds can be found in Supporting Information, Table S1 ). As shown, one compound, 1462-B09, rescued cell viability to nearly 100%, almost eliminating A -induced toxicity entirely. Figure 4 . With multiple aromatic groups and several sites for hydrogen bonding, it shares features with compounds identified previously as amyloid aggregation inhibitors. [55] [56] [57] Its structure also bears some resemblance to thioflavin-T (ThT), a fluorescent dye used to bind and detect amyloid fibrils, 58 and Pittsburgh Compound-B, which is used to image amyloid in the brains of AD patients. 59 These compounds all contain a central phenyl ring and an attached benzoxazole or benzothiazole. These similarities to compounds previously known to bind A support the efficacy of the SMM method for isolating A binders. Similar structural features also occur in another SMM hit, compound 2002-G12, which contains a central phenyl ring with two benzimidizole substituents and reduced A -induced toxicity by 76% ( Figure  3 ). Though this compound was no longer available for purchase from the original commercial supplier, analogues with benzimidizole groups were tested and found to produce statistically significant improvements in the viability of PC12 cells exposed to A 42 (data not shown). A number of previous studies described compounds that increase A aggregation. For example, Williams et al. screened a collection of 640 small molecules and isolated a compound that stabilizes protofibrils. 61 Necula et al. examined compounds previously identified as aggregation inhibitors and found that several of these compounds reduced oligomer formation, but promoted fibrillization. 62 In a related study of the phenothiazine compound, methylene blue, they proposed a causative link between the promotion of fibril formation and reduced oligomerization. 30 The potential for the enhancement of fibril formation as a novel therapeutic strategy was suggested by Cheng et al., who found that accelerating fibril formation in transgenic AD mice led to reduced oligomerization and improved behavioral outcomes. 29 Our finding that a compound isolated for its ability to bind A 42 can both increase fibril formation and decrease A 42-induced toxicity supports the potential efficacy of this strategy.
Compound 2002-H20 Might Have Been Missed by Other
High-Throughput Screens. The advantages of the SMM screen are highlighted by the realization that compound 2002-H20 would not have been found by previously reported highthroughput screens for inhibitors of A aggregation.
We found that the most commonly used assay for A aggregationsThT fluorescenceswas ineffective in the presence of 2002-H20 because the compound and ThT fluoresce at similar wavelengths (data not shown). Indeed, recent studies suggest that ThT assays are often prone to errors in the presence of compounds that absorb or fluoresce in the same region of the spectrum. 63 However, even if the fluorescence of 2002-H20 and ThT did not overlap and the compound did not affect ThT fluorescence, a ThT-based assay that screens for inhibition of fibrillization would have missed 2002-H20, which actually promotes fibril formation.
Most of the screens described in the literature aim to isolate compounds that alter the aggregation of A . 31, 32, 64 Screens that isolate inhibitors of aggregation would miss compounds like 2002-H20, which favor fibrils. Conversely, screens for enhancers of aggregation would miss compounds that stabilize monomeric A . In both cases, novel molecules that may ultimately provide leads for Alzheimer's therapeutics would have been missed by screens biased to favor either inhibitors or enhancers of aggregation. In contrast, the SMM screen described here makes no assumptions about whether aggregation to a particular state is advantageous or detrimental and isolates compounds based solely on their ability to interact with A .
Conclusions
Our primary aim in this study was to develop the SMM assay as a screen for compounds that may ultimately lead to therapeutics for Alzheimer's disease, and as described above, the assay effectively identified molecules that reduce the cytotoxicity of A 42. Further examination of one of those compounds revealed dose-dependent rescue of A -challenged PC12 cells, with a concomitant increase in fibril formation. These findings highlight the benefits of a screen optimized to reveal binding to A without bias toward a specific type of interaction, and further suggest the potential for the SMM method as a tool for exploring the A aggregation pathway. For example, future examination of small molecules that bind A in the SMM assay, but fail to rescue cells from A -induced toxicity may reveal compounds that stabilize toxic aggregates. With further development, such compounds may prove useful as probes for the intermediates that cause Alzheimer's disease. Additional applications can be envisioned with the SMM assay having potential as an efficient and versatile screen for isolating compounds that interact with intermediates at various stages of the A aggregation pathway.
Materials and Methods

Materials.
Fluorescently tagged amyloid-peptide was purchased from Anaspec (San Jose, CA), diluted to a stock concentration of 9.35 µM in 8 mM NaOH, and used without additional purification. A 40 labeled at the N-terminus with HiLyte-Fluor 647 was reported by Anaspec to have a purity of greater than 90%, and A 42 labeled at the N-terminus with HiLyte-Fluor 488 had a reported purity of greater than 95%. Nonfluorescently labeled crude amyloid-peptides, synthesized via FMOC synthesis, were purchased from the Keck Institute at Yale University (New Haven, 
